Further medical examinations revealed that diagnoses by the OHPs were comprehensive enough to reflect conditions of clinical importance, whereas the computer results were characterized by numerous false negatives. Continuous health examination with ECG testing found approximately 7.3% of the workers could have suffered from some cardiovascular disorder within five years. Computer-assisted analysis is therefore useful in health examinations but a decision algorithm suitable for screening should be established to reduce the false negative rate and increase reliability. (J Occup Health 2001; 43: 254-264) 
Workers engaged in hazardous occupations such as those involving organic solvents, night shift work, etc., are required to undergo a specific health examination twice a year. In the past, ECG testing was not included in either the usual or specific health examinations. Workers underwent ECG testing only when advised to do so by an occupational health physician (OHP), and at their own expense.
The incidence of coronary heart disease and associated mortality has recently increased in Japan, especially in urban areas 1) . Much attention has been focused on the increase in sudden death among the young working population without any prior episodes of disease or symptoms 2) . In addition, among the middle-aged population, the occurrence of "Karoshi", i.e., sudden death caused by overwork, has become a social problem 3) . In order to prevent such sudden deaths, the Industrial Safety and Health Law in Japan was changed in 1988 to include ECG testing as part of the annual health examinations performed on all employees 35 yr old or over 40 after 1990 4) . The average age of the working population, especially in heavy industries, has been increasing, and more than 70% of employees undergo ECG testing under the new law. Therefore, for screening purposes, most institutions that provide health examinations have to use computerassisted automatic electrocardiograms based on the Minnesota code, which is the most widely used and internationally accepted ECG coding system. Although this coding system is commonly used for epidemiological investigations, several discrepancies with regard to clinical significance have been reported 5) . In the present study, the performance of computerassisted electrocardiography for screening of the normal and supposedly healthy working population was investigated. The accuracy of diagnosis of the test results by OHPs and by computer was also examined. performed annually, approximately 60% of workers who underwent a health examination in 1990 (2,906 out of 4,650) also had examinations between 1991 and 1994 as well as the one in 1995. Moreover, statistical analysis was performed including females because the number of females was much smaller than that of males.
Diagnostic procedure
Each worker's health status was usually classified after all test results of the annual health examination were recorded in a personal file in the company's main computer and they were reviewed by the OHPs. In the present study, however, all ECG records were reviewed by two OHPs who were trained in cardiology, without reference to any other health examination results. Since the computer-assisted analysis was based on the Minnesota code 8) , the diagnoses of the OHPs were recoded with the Minnesota code. The OHPs also classified the records into one of three categories: i.e., 'within normal limits (WNL)', 'advised to be followedup', and 'advised to undergo medical examination or to consult a physician', according to the health status classification of the company. The OHPs were classified as 'advised to be followed-up' in cases of high voltage, P-R prolongation (less than 0.24 sec), left axis deviation (more than 30 degrees), right axis deviation (less than 100 degrees), QT prolongation (less than 0.5 in QTc), bradycardia (more than 40/min), tachycardia (less than 120/min), etc. On the other hand, ECG records were classified into four groups in the computer: i.e., 'WNL', 'borderline normal', 'borderline abnormal' and 'abnormal'.
These classifications were used to define the positivity criteria in order to examine the diagnostic confidence associated with the OHPs and the computer by moving the positivity criteria. Whether or not the workers were required to undergo further medical examinations was essentially based on these classifications. All workers who were classified either as 'advised to undergo medical examination or to consult a physician' by the OHPs or as 'abnormal' or 'borderline abnormal' by the computer underwent further medical examinations irrespective of having any findings or symptoms. When the workers' ECG records were classified as 'advised to be followedup' by the OHPs or 'borderline normal' by the computer, the OHPs consulted with them as to whether further medical examinations were required based on their past history, symptoms such as discomfort in the chest, palpitation, or a sense of arrhythmia, or findings such as a high cardiothoracic ratio (CTR) on chest roentgenograms, which were considered to be part of the gold standard tests. Even when the classification was 'WNL', workers were required to consult health care nurses and to undergo further medical examinations after consultation with the OHPs. Such further medical examinations were performed by the physicians at a hospital adjacent to their place of work so that they could visit it during their working hours. Moreover, physicians at the hospital selected the types of further medical examinations according to their guess at disease prevalence.
Three categories for workers' status were finally established: i.e., "no administration required", "followup required" or "control required". "Control required" included "treatment" or "follow-up by the physician", whereas "follow-up required" indicated workers should consult a health care nurse only when they had problems.
Prior probability and the gold standard test
Prior probability, which was recognized to be equal to disease prevalence 9) , was defined as the number of workers who had a past history of a disease associated with the cardiovascular system including hypertension in 1990. In addition to further medical examinations just after the health examination in 1990, continuous examinations between 1991 and 1994 enabled the OHPs to make a definitive classification of the workers' condition: i.e., such examinations could detect false negatives and were recognized as the gold standard test for the examination in 1990. In comparison with the prior probability calculated by a past history alone in 1990, this procedure also made it possible to calculate prior probability for the examination in 1995 more accurately.
Statistical analysis and evaluation of diagnostic procedures
The χ 2 test was used to compare the differences between the OHPs and the computer-assisted analysis in diagnoses and classifications of health status after further medical examinations.
Sensitivity, specificity, posterior probability if a test was positive (ppt+) and posterior probability if a test was negative (ppt-) were calculated by moving the positivity criteria as described above. A receiver-operating characteristic (ROC) curve analysis was done to determine the diagnostic confidence associated with the OHPs and the computer. ROC curves were a useful graphic means for comparing the two diagnostic tests 10, 11) .
Results

Positive ECG findings and true positives in 1990
In 1990, both the OHPs and the computer classified approximately 80% of the subjects as WNL, whereas a total of 950 and 1,003 workers were diagnosed as having findings by the OHPs and the computer, respectively (Table 1) . After further medical examinations, 134 of the 950 workers (14.1%) and 117 of the 1,003 workers (11.7%) were categorized as "control required", that is, true positive. Although the numbers of diagnoses of Hypertrophy by the OHPs and the computer did not differ significantly, the computer-assisted analysis tended to produce more serious diagnoses than the OHPs: i.e., the computer was apt to diagnose LVH suspected instead of High voltage. High voltage was usually categorized as 'advised to be followed-up' by the OHPs or 'borderline normal' by the computer and did not always require further medical examinations, but LVH suspected was categorized as 'advised to undergo medical examination or to consult a physician' by the OHPs and 'borderline abnormal' by the computer. Therefore, a number of false positives were included in this computer category, and a higher true positive rate was observed by the OHPs (51.5%) than by the computer (15.8%).
Ischemic change was more frequently observed by the OHPs than by the computer, primarily because of the large number of diagnoses of ST-T change and abnormal Q, irrespective of preferential diagnosis as flat T by the computer. Although there was no significant difference in the true positive rate for ST-T change itself between the OHPs (40.4%; 19/47) and the computer (40.0%; 4/ 10), the large number of diagnoses of ST-T change by the OHPs caused the overall positivity for all Ischemic change to be higher for the OHPs than for the computer. Although around 10% of flat T subjects were found to be "control required", it was usually categorized as 'advised to undergo medical examination or to consult a physician' by the OHPs but as 'borderline normal' by the computer. Therefore, those judged flat T by the computer were supposed to be healthy, and the result was false negative.
For Arrhythmia, no significant difference was observed in the numbers of diagnoses between the OHPs and the computer. Positive SVPC findings alone were more frequently observed by the OHPs than by the computer, while the numbers categorized as "control required" (9/ 30 for the OHPs and 10/19 for the computer) were almost the same.
Positive ECG findings and true positives in 1995
No significant differences were observed in the number of WNL diagnosed by the OHPs and by the computer in 1995. Approximately 85% of subjects were classified into this category ( Table 2 ). There was no difference in the overall true positive rate for the OHPs and the computer.
There were no significant differences in the numbers of diagnoses in major categories such as Hypertrophy, Ischemic change and Arrhythmia between the OHPs and the computer. In addition, the number of diagnoses of Ischemic change by both the OHPs and the computer was markedly reduced from the number in 1990. However, there were a variety of differences in each diagnosis. For Hypertrophy, the number of LVH suspected by the computer was lower than that in 1990 but it was still higher than that by the OHPs. In comparison with a high true positive rate for LVH suspected by the OHPs (47.1%; 8/17), the rate estimated by the computer was only 15.8% (9/57). On the other hand, for Ischemic change, preferential diagnoses of ST-T change and abnormal Q by the OHPs and flat T by the computer were still observed. The computer was also apt to make such diagnoses as poor R progression and possible MI. Irrespective of such variations in the diagnoses, the true positive rate for Ischemic change by the OHPs (51.6%; 32/62) was still higher than that by the computer (43.5%; 27/62). In Arrhythmia, the number of diagnosis of SVPC by the OHPs was only slightly higher than that by the computer.
Overlapping classification by the OHPs and the computer
In 1990, out of 3,557 workers diagnosed as 'WNL' by the computer, the OHPs also classified 3,430 as 'WNL' but 127 were differently classified, namely, 68 as 'advised to be followed-up' and 59 as 'advised to undergo medical examination or to consult a physician' (Table 3) . Among the 59 workers, 17 (28.8%) were proven to be "control required". Of those diagnosed as 'WNL' by the OHPs, 40 were classified as worse than 'borderline abnormal' by the computer, but none was categorized as "control required". A total of 195 were classified as 'advised to undergo medical examination or to consult a physician' by the OHPs and worse than 'borderline abnormal' by the computer: i.e. they were absolutely required to undergo further medical examinations. Less than half (46.7%) of these proved to be "control required".
The classification by the OHPs correlated more closely with that by the computer in 1995 than it did in 1990. However, 4,178 workers classified as 'WNL' by the computer still included 16 'advised to undergo medical examination or to consult a physician' by the OHPs. On the other hand, 19 out of 4,178 workers classified as 'WNL' by the OHPs were classified as worse than 'borderline abnormal' by the computer. The former still included seven "control required". Among the workers who were classified as 'advised to undergo medical examination or to consult a physician' by the OHPs and worse than 'borderline abnormal' by the computer, 68.1% were proved to be "control required". Irrespective of primary diagnoses as 'WNL', 15 workers classified by the OHPs and 32 workers classified by the computer were found to be "control required" after further medical examinations in 1990. Namely 0.4% were classified as false negative by the OHPs and 0.9% by the computer (Tables 1 and 3 ). In 1995, the false negative rates had decreased for both the OHPs and the computer, being 0.19% (8/4,178) and 0.31% (13/4,178), respectively (Tables 2 and 3 ). These cases included disorders that could not always be diagnosed by ECG alone such as valvular disease and high CTR but Arrhythmia and Ischemic change were the most frequently observed disorders (Table 4 ). Low diagnostic performance by the computer for Ischemic change was apparent.
As a result, further medical examinations performed immediately after the health examination revealed that 149 of 4,560 workers (3.3%) in 1990 and 112 of 5,055 workers (2.2%) in 1995 fell into the "control required" group despite satisfactory performance of their duties at work. It should be noted that 66 of the 149 "control required" workers in 1990 (44.3%) and 39 of the 112 in 1995 (34.8%) had no apparent past history or any complaints; that is, their disorders would not have been detected without ECG testing in the health examination. Since there were a number of differences not only in ECG diagnoses but also in classification of health status between the OHPs and the computer, differences in their decision algorithms were examined.
Differences in decision algorithms of the OHPs and the computer
The decision algorithms for Hypertrophy and Ischemic change of the OHPs were significantly different from those of the computer based on the Nagoya program 6, 12) ( Table 5 ). The computer used a complex point scoring system for the algorithm for Hypertrophy, whereas the OHPs used a much simpler algorithm. The system itself was useful and, in fact, the computer and the OHPs used the same point scoring system for diagnosing MI. However, the system used for Hypertrophy by the computer caused preferential diagnoses as LVH suspected with a low true positive rate. In Ischemic change, probably to avoid recognizing noises and/or drifts in the baseline as significant findings, the computer was programmed not to recognize slight changes in T waves and ST-T segments, especially when they existed in a single lead, and terminal T inversion in V1 as positive findings. The computer did not recognize q in V1 as positive findings either. Nonetheless, changes in T waves and ST-T segments observed in limb leads, which could be affected by breathing movements and tension of the limbs, were more frequently recognized to be positive by the computer. When changes in T waves and ST-T segments were minute, the OHPs recognized them as positive findings only if they existed in chest leads.
Prior probabilities
Since prior probability was recognized to be equal to disease prevalence 9) , prior probability in 1990 was defined as the number of workers who had a past history of disease associated with the cardiovascular system, including hypertension, and was calculated to be 0.095 (434/4,560). Out of 4,560 workers, 1,654 did not undergo a health examination in 1995, mainly because they had reached retirement age. The remaining 2,906 continued to undergo health examinations annually until 1995. As expected, due to the fact that these 2,906 consisted of a younger generation (aged between 35 and 55 in 1990), their prior probability in 1990 was 0.067 (194/2,906). Between 1991 and 1994, 92 workers were diagnosed as having a disease associated with the cardiovascular system. Therefore, the prior probability in 1995 was 0.098 (286/2,906), which was almost the same as that for all workers in 1990. To determine the diagnostic confidence associated with the OHPs and the computer, sensitivity and specificity were calculated by moving the positivity criteria and, then, ppt+ and ppt-were calculated with these prior probabilities. The denominator: the numbers of workers in each classification, and the numerator: the number of "control required" workers. Numbers in parentheses indicate the "control required" rate for each classification (%). 
Positivity criteria and evaluation of diagnostic procedures
Being 'advised to undergo medical examination or to consult a physician' by the OHPs alone was the single criterion to be test positive. A total of 339 workers (7.4% of all workers) had to undergo further medical examinations, and sensitivity and specificity were 0.86 and 0.95, respectively (Table 6 ). When 'advised to be followed-up' was included as a criterion for test positive, 950 workers (20.8%) had to undergo further medical examinations, and the sensitivity was increased to 0.90. However, specificity decreased to 0.82. In addition, there was a decrease in ppt+ to 0.34 from 0.65 without a significant change in ppt-. Regarding the computerassisted analysis, when 'abnormal' alone was considered as the criterion to be test positive, sensitivity was 0.42. Even when results worse than 'borderline normal' were considered to be the criteria for test positive, the sensitivity was only 0.79, with a low specificity of 0.80, and a total of 22% of workers had to undergo further medical examinations (Table 6) .
In 1995, the number of workers who had to undergo further medical examinations by the OHPs, namely those who tested positive, decreased irrespective of the positivity criteria. However, both sensitivity and specificity were higher than in 1990. In accordance with these findings, a higher ppt+ and a lower ppt-were observed in 1995 than in 1990. The computer's sensitivity and specificity also improved in 1995, and the number of workers who had to undergo further medical examinations decreased under all positivity criteria. ROC curve analysis still confirmed the superiority of the diagnostic performance of the OHPs to that of the computer (Fig. 1A) .
A computer-assisted screen first followed by the OHPs' review of the abnormal ECGs slightly reduced sensitivity but increased specificity compared with the computer judgement alone in both 1990 and 1995 (Table 6 ). Even when the OHPs reviewed all ECG records of 4,560 workers in 1990 and 5,055 workers in 1995, 950 and 877 respectively had to undergo further examination to obtain 0.90-0.93 of sensitivity when 'advised to be followedup' was recognized as to test positive. However, when workers with worse than 'borderline normal' were subjected to review, the OHPs had to examine only 1,003 (22% of 4,560) in 1990 and 877 (17.3% of 5,055) in 1995 Abnormal Q q in V1 was significant consult q in V1 was neglected abnormal F/U: advised to be followed-up. consult: advised to undergo medical examination or to consult a physication. B/N: borderline normal. B/A: borderline abnormal. *Diagnostic algorithm of the computer was based on the Nagoya program 6, 12) .
Fig. 1.
Comparison of the diagnostic accuracy of the occupational health physicians (OHPs) and computerassisted analysis using receiver operating characteristic curve analysis. A: for all workers who underwent health examinations in 1990 and 1995, and B: for those who underwent both 1990 and 1995 health examinations. Sensitivity and false positive rate, i.e. 1-specificity, were obtained from Tables 6 and 7 . 
The number of test positive workers, T (+) C (+); test positive and diagnosed as 'control required', T (-); test negative, and T (-) D (-); test negative and disease free. comp/OHP: the computer screen first followed by the OHPs review of the abnormal ECGs. Positivity criteria: consult; the test was positive when the ECG was diagnosed as 'advised to undergo medical examination or to consult a physician', >F/U; worse than 'follow-up required', abnormal; the test was positive when the diagnosis was 'abnormal', >B/A; 'abnormal' + 'borderline abnormal', >B/N; 'abnormal' + 'borderline abnormal' + 'borderline normal', and symptom; >B/N + normal' but symptom (+), respectively. Numbers in parentheses in T (+) indicate the test positive rate (%). Table 7 . Comparison of diagnostic performance of workers who underwent health examinations in both 1990 and 1995 Refer to Table 6 for abbreviations. Numbers in parentheses in T (+) indicate the test positive rate (%).
Positivity criterion T (+) T (+), C (+) T (-) T (-), D (-) Sensitivity
and required only 281 and 139, respectively, to undergo further examination. When the existence of symptoms was taken into account, this procedure achieved 0.93-0.94 of sensitivity; namely, the false negative rate was around 0.05 (Table 6 ). Both upward and leftward shifts in the ROC curve confirmed the high performance of such a procedure (Fig. 1A) . Even among the 2,906 workers who underwent health examinations in both 1990 and 1995, the diagnostic performance of the OHPs was superior to that of the computer ( Table 7) . The sensitivity for OHPs was 0.81 in 1990 and 0.89 in 1995 when workers who were worse than 'advised to be followed-up' were recognized to be test positive: i.e., the false negative rate was less than 0.2 (Table 7) . For the computer, even when all workers who were worse than 'borderline normal' were considered to be test positive, the false negative rate was close to 0.35 in 1990 and 0.15 in 1995. To review 467 workers (16.1%) in 1990 and 442 (15.2%) in 1995 with abnormal ECGs required that 144 (5.0%) and 92 (3.2%), respectively, undergo further medical examinations to achieve a sensitivity of 0.86 and 0.92 (Table 7 and Fig. 1B) .
Gold standard test
Out of 149 and 112 "control required" workers who were newly found by further medical examination after health examinations in 1990 and in 1995, 58 and 61 belonged to the 2,906 workers, respectively. In addition to 92 control required workers found during 1991-1994, a total of 211 (7.3% of 2,906) manifested clinically significant cardiovascular disorders between 1990 and 1995. ECG classifications of those 211 were WNL 16.0%, Hypertrophy 18.5%, Ischemic change 25.2%, Arrhythmia 35.3% and Others 5.0%.
Discussion
Although electrocardiography (ECG) is essential for the diagnosis of cardiovascular diseases, its findings are complicated and difficult to estimate in comparison with laboratory data. With a different diagnostic purpose than it is used for patients visiting a hospital, it seems more difficult to screen the normal working population, to make diagnoses and to classify the working status of this population because both qualitative and quantitative analyses are involved. However, the performance of ECG in health examinations: i.e., its usefulness for screening the normal working population, has yet to be clarified. In the present study, the need to include ECG testing in health examinations was estimated by comparing the diagnostic performance of OHPs in 1990 and 1995 to that of a computer.
In 1990, the first year ECG testing was included in health examinations, the significance of ECG findings was assessed differently by the OHPs than it was by the computer-assisted analysis, which employed a diagnostic system using the Minnesota code 8) . The diagnosis of Hypertrophy by the computer depended primarily on the point scoring system 6, 12) based on voltage criteria 13) , whereas the OHPs also took into account other diagnostic criteria 14, 15) . Therefore, the OHPs tended to diagnose 16) than for screening of a normal working population. In Ischemic change, significantly fewer diagnoses of abnormal Q wave and ST-T change, but more diagnoses of flat T were observed by the computer than by the OHPs. The differences in these primary diagnoses also resulted in less true positiveness for all Ischemic change diagnosed by the computer than by the OHPs.
Workers who were categorized as "control required" between 1990 and 1994 had already been treated or followed-up by a physician before the 1995 health examination. As a result, the rate of workers with findings was reduced to approximately 15% in 1995 from approximately 20% in 1990. In Hypertrophy, the number of LVH suspected as diagnosed by the computer markedly decreased partially due to the difference in subjects in 1990 and 1995, but the reason was not always clear. Since the diagnosis of LVH suspected was categorized as 'borderline abnormal', the decrease in its number made it possible to reduce the number of further medical examinations without decreasing the number of true positives. In Ischemic change, the number of workers decreased dramatically, and the significant difference observed in the number diagnosed by the OHPs and by the computer in 1990 disappeared in 1995. Significant differences in ST-T change and abnormal Q wave also disappeared, but a significantly high number of flat T diagnoses made by the computer were still observed. Minimum wave requirements, definitions, and measurement procedures were reportedly different among ECG computer programs 17) . Such differences have not always been taken into account, even for continuous health examinations of the same population. In addition, ECG testing done during health examinations has been occasionally performed on a large number of workers in a large room such as a conference room or a gym on a company's premises. The computer-assisted analysis, thus, was not always capable of coping with the problems caused by outliers, such as noisy records or sporadic erratic measurements. Therefore, the decision by the computer as to whether or not workers needed further medical examinations more frequently overlapped with that by the OHPs in 1995 than in 1990. However, a higher true positive rate: i.e. sensitivity, and a lower false negative rate for diagnoses by the OHPs than by the computer was still observed in 1995. Based on the diagnoses by the OHPs, only 7.4% of all workers in 1990 and 3.0% in 1995 required further medical examinations, resulting in a sensitivity of more than 0.85. Although the specificity was high according to the computer diagnosis, three to six times more workers would have had to undergo further medical examinations to obtain a sensitivity comparable to that of the OHPs. Moreover, it is noted that a number of workers who were classified as "control required" due to Ischemic change were still found in the WNL category by the computer. In any case, continuous health examinations could reduce not only the number of workers undergoing further medical examinations but also the number of "control required" workers. This was one bias for estimating the performance of ECG testing in 1995. ECG testing, however, was definitely a health benefit for the workers and might contribute to a reduction in medical expenses for the company.
Although ECG is noninvasive and provides a great deal of information about cardiac function, not all cardiac abnormalities can be detected with a single ECG testing. In addition, unlike with ECG used for the diagnosis of patients visiting a hospital, it seems difficult to find any causal relationship between ECG findings themselves and the working status of supposedly healthy workers, who usually have no symptoms or very obscure and indefinite ones. Nonetheless, ECG testing in health examinations could detect a number of abnormal findings. Despite the correct interpretation of most ECGs by the OHPs, maintaining the same diagnostic criteria throughout screening of all ECG records is difficult. Improvement of the reliability of computer-assisted analysis is still required, especially in terms of reducing the false negative rate. Its usage for ECG testing in health examinations, however, at least helps OHPs maintain diagnostic standards and minimize biases. In fact, an initial computer-assisted screen first, followed by the OHPs review of abnormal ECGs, could reduce the number of ECG records that the OHPs had to review. Moreover, the highest specificity and sensitivity could be obtained if the existence of symptoms were taken into account.
The gold standard test is used for an accurate estimation of true health status in order to reduce the false negative rate. The diagnostic test is not always perfect and sometimes leads to statistical noise 18) . At an annual health examination, it is also difficult for OHPs to advise workers without any abnormal findings to undergo further medical examinations even when they complain of various symptoms and vice versa. The selection of significant symptoms from a number of unidentified complaints also poses problems. Workers with subtle symptoms and signs do not always want to visit a hospital regardless of the OHPs' advice. So, the gold standard test cannot always be used immediately and it may take some time to make a definitive classification 19) . The results of the continuous health examinations in the present study were recognized as a gold standard test. It was at least indicated that approximately 7.3% of the workers who were older than 35, with satisfactory performance of their duties at work might suffer from some cardiovascular disorder within five years.
The accumulation of ECG test results as well as the continuous estimation of workers' health status should decrease the number of workers who have to undergo further medical examinations during each annual health examination. This should not only contribute to secondary prevention but also increase the costeffectiveness of screening. Such a procedure should also be helpful in establishing a gold standard for the normal working population.
